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Laboratory testing for the diagnosis of Lyme disease is performed primarily by serologic assays and is accurate for detection be-
yond the acute stage of the infection. Serodiagnostic assays to detect the early stages of infection, however, are limited in their
sensitivity, and improvement is warranted. We analyzed a series of Borrelia burgdorferi proteins known to be induced within
feeding ticks and/or during mammalian infection for their utility as serodiagnostic markers against a comprehensive panel of
Lyme disease patient serum samples. The antigens were assayed for IgM and IgG reactivity in line immunoblots and separately
by enzyme-linked immunosorbent assay (ELISA), with a focus on reactivity against early Lyme disease with erythema migrans
(EM), early disseminated Lyme neuroborreliosis, and early Lyme carditis patient serum samples. By IgM immunoblotting, we
found that recombinant proteins BBA65, BBA70, and BBA73 reacted with early Lyme EM samples at levels comparable to those
of the OspC antigen used in the current IgM blotting criteria. Additionally, these proteins reacted with serum samples from pa-
tients with early neuroborreliosis and early carditis, suggesting value in detecting early stages of this disease progression. We
also found serological reactivity against recombinant proteins BBA69 and BBA73 with early-Lyme-disease samples using IgG
immunoblotting and ELISA. Significantly, some samples that had been scored negative by the Centers for Disease Control and
Prevention-recommended 2-tiered testing algorithm demonstrated positive reactivity to one or more of the antigens by IgM/IgG
immunoblot and ELISA. These results suggest that incorporating additional in vivo-expressed antigens into the current IgM/IgG
immunoblotting tier in a recombinant protein platform assay may improve the performance of early-Lyme-disease serologic
testing.

Accurate diagnoses are essential to treat patients with Lyme
disease, a tick-borne illness caused by the bacterial agent Bor-

relia burgdorferi. Diagnosis in the initial stages of Lyme disease can
be made by clinical signs such as the onset of flu-like symptoms
with the presence of a rash termed erythema migrans (EM) at the
site of the tick bite (1, 2). Aiding the diagnostic evaluation, Lyme
disease in the United States is endemic and transmitted by the tick
vectors Ixodes scapularis in the Northeast and upper Midwest, and
Ixodes pacificus in parts of the Pacific Northwest (http://www.cdc
.gov/lyme/stats/index.html). However, it is not always apparent
that a patient was bitten by an infected tick, and the EM may not
appear or may go unnoticed, leading to a disseminated infection
with more severe clinical symptoms, including arthritis, carditis,
and neuropathy (2). In these instances, diagnosis is performed by
serological testing to determine if the patient has been exposed to
B. burgdorferi.

The standard for serologic Lyme disease testing is a 2-tiered test
recommended by the Centers for Disease Control and Prevention
whereby the first tier is commonly an enzyme immunoassay (such
as enzyme-linked immunosorbent assay [ELISA]), usually per-
formed against a whole-cell sonicate of cultured B. burgdorferi
cells (http://www.cdc.gov/lyme/diagnosistesting/labtest/twostep
/index.html) (3). Additionally, the Food and Drug Administra-
tion has approved the use of the antigen VlsE or a subunit peptide
of VlsE termed C6 in first-tier ELISA (4). When the ELISA result is
positive or equivocal, immunoblotting (also known as Western
blotting) is performed as the second-tier test for the final determi-
nation. The 2-tiered testing can be for detection of IgM or IgG
antibodies against B. burgdorferi antigens, depending on the time
following onset of illness at which the serum sample was collected.

IgM and/or IgG antibody testing is utilized for samples taken �30
days following onset of illness (4). For suspected Lyme disease
cases that have progressed past 4 weeks, 2-tiered IgG testing is used
and IgM antibody testing is not recommended (5). Despite limi-
tations in the Western blot assays, 2-tiered IgG testing for late-
Lyme-arthritis cases performs well and detects 97 to 100% of in-
fections (6). However, the current 2-tiered testing is not sensitive
(40% or less) for detection of disease in the early acute stages of
infection (7, 8), and there are drawbacks to this system of testing.
The second-tier Western blot requires more technical expertise,
due to multiple steps in the procedure, than does ELISA. More-
over, the results of a Western blot are not quantitative, thereby
requiring a subjective decision by an individual scorer based on
band intensity compared to controls (although some labs can read
blots by densitometry). Additionally, some manufacturers’ blots
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are composed of fractionated B. burgdorferi proteins from whole-
cell lysates originating from in vitro culture, which can be difficult
to standardize. The criteria for a positive IgG immunoblot calls for
the observation of at least 5 defined reactive antigen bands out of
a total of 10 antigens identified as immunodominant in B. burg-
dorferi infections. The IgM criterion is the presence of 2 out of 3
defined immunoreactive bands (for a review, see reference 5). Be-
cause of subtle variances in blot strips made from cultured borre-
lial lysates, reactive bands appearing on blots may be erroneously
scored as positive. A major flaw with utilizing whole-cell borrelial
lysates in immunoblots is that the profile of proteins synthesized
from in vitro culture is not wholly representative of the gene prod-
ucts expressed by B. burgdorferi during host infection. Many pro-
teins are expressed during in vivo infection that are either not
expressed in culture or expressed at very low levels (9, 10). There-
fore, antibodies produced by Lyme disease patients against B.
burgdorferi in vivo-expressed antigens that are not expressed by
cultured organisms will be undetected by Western blots. To im-
prove serologic testing for early acute-phase Lyme disease, we hy-
pothesized that additional alternative antigens expressed early fol-
lowing in vivo infection could be incorporated as recombinant
proteins into the Western blot testing criteria.

Previous studies from our laboratory have focused on a series
of B. burgdorferi gene products expressed during in vivo infection,
i.e., BBA64, -65, -66, -68, -69, -70, and -73 (9–11). The genes
encoding these proteins are located on the B. burgdorferi 54-kb
linear plasmid (lp54) that is essential for borrelial growth and
survival (12). The genes are expressed in either ticks and/or mam-
malian hosts and are regulated by the RpoS/RpoN regulatory cas-
cade (9, 11, 13–16). The genes encode surface-localized mem-
brane lipoproteins that elicit antibody responses in humans and
experimental animals following B. burgdorferi infection (11, 17–
19). Functional aspects of the genes and their encoded products
have been investigated, with the findings that BBA64 and BBA66
are involved in B. burgdorferi transmission from ticks (13, 20);
BBA68 is designated a complement regulator-acquiring surface
protein (CRASP) that plays a role in the inactivation of comple-
ment (21, 22), and BBA70 has recently been described as a plas-
minogen-binding protein (23). Historically, these genes have been
characterized as paralogs and were originally annotated as belong-
ing to one of several paralogous gene families (pgf54 or PFam 54)
in the B. burgdorferi genome (10, 24, 25). However, nucleotide
alignments show that these genes share little homology, i.e., from
26 to 33% nucleotide identity; amino acid identity ranges from
11.5 to 21% (10; our unpublished results). The exception is BBA68
and BBA69, which share extensive homology, i.e., 67% nucleotide
identity and 55% amino acid identity (10).

In this study, we investigated the immunoreactivities of serum
samples from Lyme disease patients and controls against recom-
binant proteins encoded by these in vivo expressed genes. Using a
comprehensive collection of serum samples representing several
stages of disease, we found that BBA65, BBA70, and BBA73 were
reactive by IgM serology in early Lyme EM, neuroborreliosis, and
carditis patient serum samples. Additionally, BBA69 and BBA73
were reactive by IgG immunoblotting against serum samples from
early stage Lyme disease patients. The findings also show that
some patients’ samples that had been categorized as negative by
2-tiered testing were reactive against one or more of the in vivo-
expressed proteins. We discuss the implications of including re-

combinant in vivo-synthesized proteins into improved early sero-
logic testing for Lyme disease.

MATERIALS AND METHODS
Serum samples. The Lyme Serum Repository was the source of human
serum panels used in this study, and samples were obtained from the
Division of Vector Borne Diseases, Bacterial Diseases Branch, Centers for
Disease Control and Prevention. A detailed description of the Lyme Se-
rum Repository, which is composed of serum obtained from well-charac-
terized Lyme disease patients, control serum from healthy individuals,
and serum from patients with other diseases, has been published (26).
Lyme disease patient samples were subdivided into groups as follows:
early Lyme disease with erythema migrans (EM), which consisted of
paired patient serum samples taken at the acute and convalescent stages of
disease (n � 23 pairs [46 total]); early Lyme neuroborreliosis (n � 10);
early Lyme carditis (n � 6); and late Lyme arthritis (n � 8). Inclusion
criteria for all Lyme disease patients included appropriate epidemiological
risk for this infection, and all patient exposure had to occur within a state
where Lyme disease is endemic. Overall, the majority of these patients
reported exposure in the northeastern United States or adjacent states.
Serum samples from patients with other diseases numbered 8 each: fibro-
myalgia, rheumatoid arthritis, multiple sclerosis, mononucleosis, syphilis,
and severe periodontitis. These serum samples were collected from pa-
tients living in areas where Lyme disease is and is not endemic, including
Maryland, Virginia, New Jersey, Florida, Washington, California, Mon-
tana, Colorado, and Arizona. Serum samples from healthy patients in
areas where Lyme disease is and is not endemic (donors residing in New
York and Texas, respectively) numbered 16 each.

Recombinant protein expression and purification. Truncated (i.e.,
lacking signal sequence and lipidation motif) genes encoding BBA64,
BBA65, BBA66, BBA68, BBA69, BBA70, BBA73, OspA, OspC, and DbpA
were amplified by PCR from B. burgdorferi strain B31 genomic DNA using
primers designed for cloning into the pETite N-His vector in accordance
with the T7 Expresso system instructions (Lucigen, Middleton, WI).
Primers for specific gene amplification into this plasmid are listed in Table
1. The resultant expression plasmids were transformed into Escherichia
coli 10G (Lucigen) and selected for growth on Luria-Bertani (LB) medium
plates supplemented with 50 �g/ml kanamycin. Plasmid DNA from
transformant colonies was purified by miniprep (Qiagen, Valencia, CA)
and was sequenced for insert confirmation. Recombinant plasmids with
the correct gene inserts were transformed into E. coli BL21(DE3) (Luci-
gen). Following transformant screening for the appropriate clones,
colonies were grown in LB-kanamycin (50 �g/ml) broth, and recombi-
nant-protein expression was induced by the addition of IPTG (isopropyl-
�-D-thiogalactopyranoside; 1 mM). Cells were harvested at late-log-phase
growth, and recombinant protein was purified under nondenaturing con-
ditions using a nickel-nitrilotriacetic acid (Ni-NTA) Fast Start His tag
affinity purification kit (Qiagen). Proteins were dialyzed into 250 mM Tris
(pH 8.0) and quantified by bicinchoninic acid (BCA) assay (Thermo-
Fisher Scientific, Rockford, IL) before use.

Line immunoblotting. Nitrocellulose membranes were hydrated in
Tris-buffered saline–Tween 20 (TBS-T; 20 mM Tris, 140 mM NaCl, 2.7
mM KCl, 0.05% Tween 20 [pH 7.4]) and placed in a Miniblotter45 (Im-
munetics, Boston, MA). Protein (10 �g) in TBS-T was loaded in each lane
and incubated for 10 min with rocking at room temperature. The protein
solution was aspirated by vacuum from the lanes followed by three washes
in TBS-T. The membrane was removed from the manifold and blocked in
T20 blocking buffer (Thermo-Fisher Scientific) at room temperature for
30 min. The membrane was rotated 90° and placed back in the manifold
with serum samples diluted in T20 blocking buffer (1:100) added to the
appropriate lane, followed by incubation at room temperature for 1 h on
a rocking platform. After three washes in TBS-T, alkaline phosphatase-
conjugated goat anti-human IgG or IgM antibodies (KPL, Gaithersburg,
MD) diluted in blocking buffer (1:10,000) were added to each lane and
incubated with rocking at room temperature for 1 h. Following aspiration
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of the secondary antibody solution, the membrane was removed from the
apparatus, washed three times with TBS-T, and developed with nitroblue
tetrazolium–5-bromo-4-chloro-3-indolylphosphate (NBT-BCIP) (Thermo-
Fisher Scientific). Optimal conditions for protein concentration and for pri-
mary and secondary antibody dilutions were determined in a series of prelim-
inary assays prior to utilization of the serum panels. Seroreactivity for each
antigen was scored as either positive or negative independently by five lab
members, with final blot interpretation according to the majority score.

ELISA. Recombinant antigens were diluted with carbonate buffer (90
mM NaHCO3, 60 mM Na2CO3; pH 9.6) and bound to 96-well Immulon
2HB format plates overnight at 4°C (Thermo Scientific) at a final concen-
tration of 200 ng/well. The plate wells were subjected to five washes with
TBS-T using a BioTek 405 Select plate washer (BioTek, Winooski, VT),
followed by addition of blocking buffer (TBS-T with 5% fetal bovine
serum) for 45 min at room temperature. Serum samples diluted at either
1:100 (IgM) or 1:200 (IgG) in blocking buffer (200 �l) were added to the
wells, and the plates were incubated for 45 min with moderate agitation at
room temperature followed by five washes with TBS-T. Alkaline phospha-
tase-conjugated goat anti-human antibodies (KPL, Gaithersburg, MD)
were added at 1:2,000 (IgM) or 1:5,000 (IgG) in blocking buffer, and plates
were incubated for 45 min with agitation at room temperature followed
by the wash step. For development, 100 �l of para-nitrophenyl phosphate
(PNPP) substrate (Thermo-Fisher Scientific) was added to each well, fol-
lowed by incubation with agitation at room temperature for 20 min. The
reaction was stopped by adding 50 �l of 2 N NaOH to wells. Plates were
read at an optical density at 405 nm (OD405) using an ELx808IU Ultra
microplate reader (BioTek). Samples were determined to be positive if the
absorbance at 405 nm was three standard deviations above the mean for
serum samples from healthy patients in areas where Lyme disease is not
endemic (n � 16).

RESULTS
Line immunoblotting and ELISA screening of serum panels. Re-
combinant proteins used in the immunoassays were purified from
the soluble fraction of lysed E. coli cells by His tag affinity column
chromatography. Figure 1 shows each protein as a major single
band with minimal degradation or E. coli contamination. Initially,
each recombinant protein was screened in duplicate against a
blinded panel of 124 serum samples from Lyme disease patients,
other disease controls, and healthy controls by line immunoblot-
ting. Included in the line immunoblot were recombinant proteins
currently employed in 2-tiered serodiagnosis, i.e., outer surface
protein C (OspC), decorin-binding protein A (DbpA), and VMP
(variable membrane protein)-like sequence expressed (VlsE), and
also included were OspA and B. burgdorferi strain B31 whole-cell
lysate. Representative line immunoblots with antigen reactivities
against early Lyme EM serum samples by IgM immunoblotting

are shown in Fig. 2A, and reactivities against early Lyme neu-
roborreliosis, early Lyme carditis, and Lyme arthritis serum sam-
ples are shown in Fig. 2B. A number of serum samples demon-
strated positive banding patterns with various signal intensities, as
is commonly seen with Western blots. In this initial analysis to
screen all antigens, IgM immunoblotting identified rBBA65,
rBBA70, and rBBA73 as candidates for further screening because
of their high percentage of seropositivity, which was comparable
to that of VlsE, OspC, and B31 lysate (Table 2).

IgG immunoblotting, performed in the same manner as for IgM,
identified rBBA69 and rBBA73 as candidates for further analysis (Ta-
ble 3). Representative IgG line blots are shown in Fig. 3; Fig. 3A shows
antigen reactivities against early Lyme EM serum samples, and Fig. 3B
shows reactivities against early Lyme neuroborreliosis, early Lyme
carditis, and Lyme arthritis serum samples. rBBA64, rBBA66,
rBBA68, and rBBA69 demonstrated little to no reactivity in the IgM
blots (Table 2), and rBBA64, rBBA65, rBBA66, rBBA68, and rBBA70
likewise demonstrated little to no reactivity in the IgG blots (Table 3);
therefore, these antigens were not tested further.

Following the initial assessment, we tested 27 additional sam-
ples from Lyme disease patients with early Lyme disease with EM,
early disseminated carditis, and early disseminated neuroborre-
liosis from the CDC Lyme Serum Repository. These samples were
screened by IgM blotting against rBBA65, rBBA70, and rBBA73
and by IgG blotting against rBBA69 and rBBA73. While blots are
useful for diagnostic purposes, they are subjective, especially in the
cases of bands with borderline intensities. Therefore, we also
tested the recombinant antigens against all serum samples by the
quantitative ELISA format. Cumulative results for the individual

TABLE 1 Primers used for generation of N-his tagged recombinant proteins (5=-3=)

Gene

Primer sequence

Forward Reverse

BBA64 CATCATCACCACCATCACTCTCTGGAAGTCAAAGACAGC GTGGCGGCCGCTCTATTACTGAATTGGAGCAAGAATATT
BBA65 CATCATCACCACCATCACGATCTAAACAACAAAGACAAC GTGGCGGCCGCTCTATTAATTATTATTAAATTTAAATAA
BBA66 CATCATCACCACCATCACACGATTGATGCCAATCTAAAC GTGGCGGCCGCTCTATTACATTATACTAATGTATGCTTC
BBA68 CATCATCACCACCATCACGCACCTTTTAGCAAAATCGATCCT GTGGCGGCCGCTCTATTAGTAAAAGGCAGGTTTTAAAGT
BBA69 CATCATCACCACCATCACGCACCTTTTAACAAAATCAATCCC GTGGCGGCCGCTCTATTAATAAAAGGCAGATTGTTAAGA
BBA70 CATCATCACCACCATCACGCTCCAGAAGTAAACAGCTAC GTGGCGGCCGCTCTATTACTTTTTCTCTGATTATATTTT
BBA73 CATCATCACCACCATCACTCTTTTTATTCTAAATCAAAC GTGGCGGCCGCTCTATTAGTAGTGTATGTGGTCACAACA
DbpA CATCATCACCACCATCACGGACTAACAGGAGCAACA GTGGCGGCCGCTCTATTATTAGTTATTTTTGCATTTTTC
OspA CATCATCACCACCATCACAAGCAAAATGTTAGCAGCCTT GTGGCGGCCGCTCTATTATTTTAAAGCGTTTTTAATTTC
OspC CATCATCACCACCATCACATTAATTCAGGGAAAGATGGG GTGGCGGCCGCTCTATTAAGGTTTTTTTGGACTTTCTGC

FIG 1 Recombinant proteins used in this study. Proteins were fractionated by
SDS-PAGE and stained with GelCode Blue (Thermo Scientific, Rockford, IL).
A 0.5- to 1-�g portion of protein was loaded in each lane. The first lane con-
tains size markers, with the molecular masses (in kilodaltons) on the left.
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antigens are presented separately below and are summarized in
Table 4 (immunoblotting) and Table 5 (ELISA).

rBBA65 IgM line blotting and ELISA. By IgM line blotting, we
found seropositivity against rBBA65 for 7/23 acute-phase ear-
ly-EM samples and 9/23 paired convalescent-phase samples. By
ELISA, 5/23 acute-phase early-EM and 10/23 convalescent-phase

early-EM samples were positive. Numbers of serum samples that
were positive by both line blotting and ELISA were 4/23 acute-
phase samples and 5/23 convalescent-phase samples (Table 6).
rBBA65 was reactive against 7/10 samples from neuroborreliosis
patients and 2/6 from carditis patients by immunoblotting, with
5/10 and 2/6 positive by ELISA, respectively. Numbers of samples
positive by both line blotting and ELISA were 4/10 and 1/6 for
neuroborreliosis and carditis samples, respectively (Table 6).
Overall, rBBA65 reacted against 25/62 (40%) of the total early-
Lyme-disease patient serum samples by immunoblotting (Table
4) and 22/62 (35%) by ELISA (Table 5).

The specificity of immunoblotting was low, as 18/80 (77%
specificity) control serum samples were scored as positive, indi-
cating that background reactivity was somewhat problematic with
this recombinant antigen in the line blot format. Much of the
nonspecificity was due to rBBA65 cross-reactivity with serum
samples from mononucleosis patients (6/8). However, ELISA
demonstrated significantly higher specificity, with only 2/80 (97%
specificity) control samples testing positive.

rBBA70 IgM line blotting and ELISA. By immunoblotting,
rBBA70 reacted against 5/23 acute-phase early-EM samples, with
8/35 positives among the paired convalescent-phase samples. By
ELISA, 6/23 acute-phase samples were positive, with 15/23 of the
convalescent-phase samples showing positive reactivity. By both
line blotting and ELISA, 4/23 (acute phase) and 8/23 (convales-
cent phase) samples were positive (Table 6). rBBA70 was reactive
by immunoblotting against 3/10 and 2/6 of the neuroborreliosis
and carditis patient serum samples, respectively. ELISA identified
7/10 and 3/6 neuroborreliosis and carditis patient samples, respec-
tively, as positive. For neuroborreliosis patients and cardiac pa-
tients, 3/10 and 2/6 samples were positive by both immunoblot-
ting and ELISA (Table 6). Overall, rBBA70 reacted against 18/62
(29%) of the total samples from patients with early Lyme disease
in line blotting (Table 4), and 33/62 (53%) were reactive in ELISA
(Table 5).

In contrast to rBBA65, rBBA70 demonstrated excellent speci-
ficity (100%), with 0/80 of the control samples exhibiting reactiv-
ity by immunoblotting. The specificity of ELISA was also high
(95%), with 4/80 of the control samples being reactive against
rBBA70.

rBBA73 IgM line blotting and ELISA. rBBA73 was reactive by
line blotting against 6/23 acute-phase early Lyme EM patient sam-
ples and 11/23 of the convalescent-phase samples. ELISA showed
seropositivity for 5/23 and 8/23 acute-phase and convalescent-
phase samples, respectively. There were 5/23 samples that were
both immunoblotting and ELISA positives in the acute-phase EM
group and 6/23 in the convalescent group (Table 6). Of the neu-
roborreliosis patient samples, 5/10 were immunoblotting positive
and 6/10 were ELISA positive, with 4/10 of the samples being
positive by both assays. In the carditis patient samples, 1/6 were
line blotting positive and 2/6 were ELISA positive, with 1/6 sam-
ples being positive by both assays (Table 6). Overall, 23/62 (37%)
total early-Lyme-disease patient samples were immunoblotting
positive for rBBA73, and 21/62 (34%) were positive by ELISA.

rBBA73 was scored positive by line blotting in 8/80 (90% spec-
ificity) of the control samples. These 8 positives among the control
groups were split between the mononucleosis samples (5/8) and
the healthy samples from patients in areas of endemicity (3/16),
with all other control groups demonstrating no false-positive
cross-reactivity against rBBA73.

FIG 2 Representative IgM line blot with serum samples from patients with
early Lyme erythema migrans (EM) (A) and with early disseminated Lyme
neuroborreliosis (ELN), early disseminated Lyme carditis (ELC), and Lyme
arthritis (LA) (B) tested for reactivity against the B. burgdorferi recombinant
antigens on the left (Bb WCL, B. burgdorferi strain B31 whole-cell lysate).
Results for selected negative controls from healthy individuals are presented
on the right for comparative purposes, and these were tested on the same
membrane. *, positive call for the antigens BBA65, BBA70, and BBA73 for
patients scored as serologically negative by the 2-tiered testing algorithm.
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rBBA69 and rBBA73 IgG line blot and ELISA. rBBA69 was
reactive by line blotting against 2/23 early Lyme EM acute-phase
patient samples and 2/23 convalescent-phase samples. By ELISA,
1/23 and 1/23 acute- and convalescent-phase samples, respec-
tively, were positive. Of the neuroborreliosis patient samples, 2/10
were positive by line blotting and 1/10 was positive by ELISA. Of
the carditis patient samples, 2/6 were positive by immunoblotting
and 0/6 were positive by ELISA. Overall, 8/62 (13%) of early-

Lyme-disease patient samples were rBBA69 reactive by line blot-
ting and only 3/62 (5%) were positive by ELISA.

rBBA73 exhibited higher reactivity than rBBA69, with 4/23
early Lyme EM acute-phase patient samples being positive and
6/23 convalescent-phase samples being positive. By rBBA73
ELISA, 5/23 acute-phase and 6/23 convalescent-phase samples
were positive. There were 3/10 reactive positives for the neurobor-
reliosis group by line blotting and 2/10 by ELISA. There were 1/6

TABLE 2 Initial IgM line blot screening of all antigens

Categorya

No. of
samples

No. of IgM-reactive serum samples (%)

rBBA64 rBBA65 rBBA66 rBBA68 rBBA69 rBBA70 rBBA73 rOspA rDbpA rOspC rVlsE B31

Lyme disease
Early Lyme disease with EM 28 2 (7) 12 (43) 2 (7) 1 (4) 1 (4) 7 (25) 9 (32) 0 (0) 3 (11) 9 (32) 3 (11) 13 (46)
Early neurologic Lyme disease 6 0 (0) 5 (83) 2 (33) 0 (0) 0 (0) 3 (50) 3 (50) 0 (0) 0 (0) 4 (67) 3 (50) 5 (83)
Early cardiac Lyme disease 2 0 (0) 2 (100) 0 (0) 0 (0) 0 (0) 2 (100) 1 (50) 0 (0) 1 (50) 2 (100) 0 (0) 2 (100)
Late Lyme disease (Lyme arthritis) 8 0 (0) 1 (13) 0 (0) 0 (0) 0 (0) 1 (13) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 3 (43)
All early Lyme disease 36 2 (6) 19 (53) 4 (11) 1 (3) 1 (3) 12 (33) 13 (36) 0 (0) 4 (11) 15 (42) 6 (17) 20 (56)
Total Lyme disease 44 2 (5) 20 (45) 4 (9) 1 (2) 1 (2) 13 (30) 13 (30) 0 (0) 4 (9) 15 (34) 6 (14) 23 (52)

Other diseases
Fibromyalgia 8 0 (0) 2 (25) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
Rheumatoid arthritis 8 0 (0) 2 (25) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
Multiple sclerosis 8 0 (0) 2 (25) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (13)
Mononucleosis 8 0 (0) 6 (75) 1 (13) 0 (0) 0 (0) 0 (0) 5 (63) 0 (0) 0 (0) 0 (0) 0 (0) 1 (13)
Syphilis 8 0 (0) 0 (0) 1 (13) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (13)
Severe periodontitis 8 0 (0) 1 (13) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

Healthy controls
Healthy; endemic 16 0 (0) 1 (6) 0 (0) 0 (0) 0 (0) 0 (0) 3 (19) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
Healthy; nonendemic 16 0 (0) 2 (13) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (6)

Total non-Lyme disease 80 0 (0) 16 (20) 2 (3) 0 (0) 0 (0) 0 (0) 8 (10) 0 (0) 0 (0) 0 (0) 0 (0) 4 (5)
a “Endemic” and “nonendemic” refer to samples from patients in areas where Lyme disease is and is not endemic, respectively.

TABLE 3 Initial IgG line blot screening of all antigens

Categorya

No. of
samples

No. of reactive sera IgG (%)

rBBA64 rBBA65 rBBA66 rBBA68 rBBA69 rBBA70 rBBA73 rOspA rDbpA rOspC rVlsE B31

Lyme disease
Early Lyme disease with EM 28 0 (0) 1 (4) 2 (7) 3 (11) 4 (14) 0 (0) 8 (29) 0 (0) 0 (0) 5 (18) 9 (32) 12 (43)
Early neurologic Lyme disease 6 0 (0) 1 (6) 0 (0) 0 (0) 1 (17) 0 (0) 2 (33) 0 (0) 0 (0) 3 (50) 5 (83) 5 (83)
Early cardiac Lyme disease 2 0 (0) 1 (2) 0 (0) 0 (0) 1 (4) 0 (0) 1 (4) 0 (0) 0 (0) 1 (50) 0 (0) 2 (100)
Late Lyme disease-Lyme arthritis 8 0 (0) 1 (13) 2 (25) 0 (0) 2 (25) 1 (13) 4 (14) 2 (25) 0 (0) 2 (25) 6 (86) 8 (100)
Early Lyme disease 36 0 (0) 3 (8) 2 (6) 3 (8) 6 (17) 0 (0) 11 (31) 0 (0) 0 (0) 9 (25) 14 (39) 19 (53)
Total Lyme disease 44 0 (0) 4 (9) 4 (9) 3 (8) 8 (18) 1 (2) 15 (34) 2 (5) 0 (0) 11 (25) 20 (45) 27 (61)

Other diseases
Fibromyalgia 8 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
Rheumatoid arthritis 8 0 (0) 0 (0) 0 (0) 0 (0) 1 (13) 0 (0) 1 (13) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
Multiple sclerosis 8 0 (0) 0 (0) 0 (0) 0 (0) 1 (13) 0 (0) 1 (13) 0 (0) 0 (0) 0 (0) 0 (0) 1 (13)
Mononucleosis 8 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (13) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
Syphilis 8 0 (0) 0 (0) 0 (0) 0 (0) 1 (6) 0 (0) 3 (38) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
Severe periodontitis 8 0 (0) 0 (0) 0 (0) 0 (0) 1 (13) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

Healthy controls
Healthy; endemic 16 0 (0) 2 (13) 0 (0) 2 (13) 1 (6) 1 (6) 3 (19) 0 (0) 0 (0) 0 (0) 1 (6) 1 (6)
Healthy; nonendemic 16 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

Total non-Lyme disease 80 0 (0) 2 (3) 0 (0) 2 (3) 5 (6) 1 (1) 9 (11) 0 (0) 0 (0) 0 (0) 1 (1) 2 (3)
a “Endemic” and “nonendemic” refer to samples from patients in areas where Lyme disease is and is not endemic, respectively.
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reactive positives from the carditis patient samples by line blotting
and ELISA. Overall, 14/62 (23%) total early-Lyme-disease patient
samples were positive for rBBA73 by immunoblotting and ELISA,
with 9/14 being positive by both assays (Table 6).

Of the late-Lyme-arthritis patient samples, 2/8 were reactive
against rBBA69 and 4/8 were reactive against rBBA73 by line blot-
ting. By ELISA, 2/8 were rBBA69 positive and 2/8 were rBBA73
positive. By line blotting, rBBA69 was reactive against 5/80 (94%
specificity) of the control serum samples and rBBA73 was positive
against 9/80 (89% specificity) (Table 4). rBBA73 showed the most

cross-reactivity against the syphilis patient group, with 3/8 scoring
positive. ELISA testing resulted in better specificity (97%), with
rBBA69 being reactive against 2/80 and rBBA73 being reactive
against 3/80 (96% specificity) control patient samples (Table 5).

rBBA65, rBBA70, and rBBA73 IgM serology compared to
CDC-recommended 2-tiered testing. The results presented
above clearly demonstrate that the antigens react with serum sam-
ples from Lyme disease patients. In order to assess if inclusion of
these antigens in existing diagnostics could improve detection of
early-Lyme-disease cases, it was important to determine whether
the antigens demonstrated seropositivity against Lyme disease pa-
tient serum that tested negative by the CDC’s recommended
2-tiered algorithm. Twenty-three of the 62 early Lyme EM (acute-
and convalescent-phase), neuroborreliosis, and cardiac patient
samples were scored as Lyme disease negative by the 2-tiered test-
ing algorithm. rBBA65 was reactive with 4 of these samples by
immunoblotting and with 1 sample by ELISA. rBBA70 detected 1
sample that was negative in the two-tiered test by immunoblotting
and 3 samples by ELISA. rBBA73 was reactive with 2 two-tier-test-
negative samples by immunoblotting and 1 sample by ELISA. The
line blots for these samples are presented in Fig. 2A. ELISA testing
identified additional samples as positive that differed from the line
blots (Table 5).

The complete IgM serological data for rBBA65, rBBA70, and
rBBA73 are broken down categorically for comparison against
results obtained by 2-tiered testing in Table 7.

rBBA69 and rBBA73 IgG serology compared to CDC-recom-
mended 2-tiered testing. In IgG immunoblotting, 3/23 and 2/23
samples previously scored as Lyme disease negative by the 2-tiered
test were reactive against rBBA69 and rBBA73, respectively. The
line blots for these samples are presented in Fig. 3A. ELISA results
found 1/23 and 3/23 of the 2-tiered negative samples positive for
rBBA69 and rBBA73, respectively. Additionally, some patient
samples were scored as negative using the IgG immunoblot crite-
rion of 5/10 positive bands but were considered reactive against
rBBA69 and/or rBBA73 by immunoblotting; however, these sam-
ples were deemed positive by 2-tiered testing based on IgM crite-
ria. Results for these samples are presented in Fig. 3.

The complete IgG serological data for rBBA69 and rBBA73 are
broken down categorically for comparison against results ob-
tained by 2-tiered testing in Table 7.

DISCUSSION

We performed this study to determine whether B. burgdorferi pro-
teins synthesized during human in vivo infection elicit antibodies
that could prove useful for improved serological testing. The data
presented here demonstrate that the in vivo-expressed proteins
BBA65, BBA69, BBA70, and BBA73 are reactive with Lyme disease
patient serum during the early EM, neuroborreliosis, and carditis
stages of infection, thereby indicating that these proteins are pro-
duced by B. burgdorferi early following infection and are immu-
nogenic.

We utilized a line immunoblotting procedure to enable an ini-
tial screening of patient serum samples against several purified
soluble recombinant proteins. By this method, we were able to
determine the antigens that were most reactive and thus war-
ranted further study. As expected, there was no reactivity of the
Lyme disease patient sera against recombinant OspA, which
served as an internal control. Interestingly, we found very little
seroreactivity against the antigens BBA64 and BBA66, which had

FIG 3 Representative IgG line blot with serum samples from patients with
early Lyme erythema migrans (EM) (A) and with early disseminated Lyme
neuroborreliosis (ELN), early disseminated Lyme carditis (ELC), and Lyme
arthritis (LA) (B) tested for reactivity against the B. burgdorferi recombinant
antigens on the left (Bb WCL, B. burgdorferi strain B31 whole-cell lysate).
Results for selected negative controls from healthy individuals are presented
on the right for comparative purposes, and these were tested on the same
membrane. *, positive calls for antigens for patients scored as serologically
negative by the 2-tiered testing algorithm; §, positive calls for antigens for
patients that were IgG Western blot negative by the 2-tiered algorithm.
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been postulated from previous studies to be a potential serodiag-
nostic. We also observed few seropositive results with rDbpA,
which may indicate that the 18-kDa band recognized as DbpA in
Western blots generated from cultured borrelial lysates may be a
distinct antigen. The immunodominant antigens rVlsE and
rOspC, and also whole-cell lysate from B. burgdorferi strain B31,
were observed in many of the Lyme disease patient samples and
served as internal positive controls for line blotting.

The data from our IgM serological screenings indicated that
the antigens BBA65, BBA70, and BBA73 elicit an antibody re-
sponse in humans early following the onset of infection with B.
burgdorferi. This finding suggests that these proteins are func-
tional in tick-to-skin transition and/or play a role in the establish-
ment of infection and dissemination in the human host similar to
that known for OspC, an immunodominant antigen that is one of
the first serologically detectable in Lyme disease.

Individually, these 3 antigens demonstrated a range of IgM/
IgG seropositivity from 29% to 53% against the total serum sam-
ples from early-Lyme-disease patients (i.e., EM, neuroborreliosis,
and carditis) by either line blotting or ELISA. These numbers
compared favorably with those for the immunodominant anti-
gens, VlsE and OspC, that are currently employed in 2-tiered se-
rodiagnostic testing. A significant finding was the high percentage
of rBBA65-, rBBA70-, and rBBA73-seropositive samples from pa-
tients with early disseminated Lyme neuroborreliosis, with up to
70% of the samples being detected by either line blotting or ELISA.
This result suggests that these gene products are differentially ex-
pressed depending on the stage of infection or the target organs

during dissemination and may have potential as biomarkers for
disease manifestations.

Certainly our test antigens were seroreactive with samples that
were positive by the 2-tiered test based on the current antigen
algorithm and therefore would not have affected the final inter-
pretation. However, we found several instances of Lyme disease
patient serum samples that were interpreted as negative according
to the 2-tiered algorithm but were reactive to one or more of our
test antigens. Although we observed a few non-Lyme disease pa-
tient sera that were reactive against individual test antigens, utiliz-
ing these proteins as part of a multiantigen algorithm should
mitigate reporting of false positives. Our data suggest that the
identification of additional antigens that elicit early IgM re-
sponses, such as ones described here, could be employed in IgM
Western blots to significantly improve test sensitivity and speci-
ficity.

IgG immunoblotting was performed using the early-Lyme-
disease EM patient samples. Although IgG serology is occasionally
utilized for early-Lyme-disease samples, it is generally thought
that sensitivity is low for detection because the IgG humoral re-
sponse typically appears after the first 2 to 3 weeks postinfection.
Therefore, IgM testing is more routinely employed for serum
samples collected less than 30 days after onset of illness. Neverthe-
less, we observed IgG seroreactivity against rBBA69 and rBBA73.
rBBA69 and rBBA73 were detectable bands in immunoblots that
either were scored as negative in the 2-tiered test or were IgG
immunoblotting negative but were 2-tier-test positive based solely
on the IgM results. Therefore, the possibility of identifying anti-

TABLE 4 Line immunoblotting of serum samples

Category (na)

No. of positive reactions (%)

IgM IgG

rBBA65 rBBA70 rBBA73 rBBA69 rBBA73

Lyme disease
Early Lyme disease with EM

Acute phase (23) 7 (30) 5 (22) 6 (26) 2 (9) 4 (17)
Convalescent phase (23) 9 (39) 8 (35) 11 (48) 2 (9) 6 (26)

Lyme neuroborreliosis (10) 7 (70) 3 (30) 5 (50) 2 (20) 3 (30)
Lyme carditis (6) 2 (33) 2 (33) 1 (17) 2 (33) 1 (17)
Late Lyme diseases (Lyme arthritis) (8) 1 (13) 1 (13) 0 (0) 2 (25) 4 (50)
Total early Lyme disease (62) 25 (40) 18 (29) 23 (37) 8 (13) 14 (23)
Total Lyme disease (70) 26 (37) 19 (27) 23 (33) 10 (14) 18 (26)

Other diseases
Fibromyalgia (8) 2 (25) 0 (0) 0 (0) 0 (0) 0 (0)
Rheumatoid arthritis (8) 2 (25) 0 (0) 0 (0) 1 (13) 1 (13)
Multiple sclerosis (8) 2 (25) 0 (0) 0 (0) 1 (13) 1 (13)
Mononucleosis (8) 6 (75) 0 (0) 5 (63) 0 (0) 1 (13)
Syphilis (8) 0 (0) 0 (0) 0 (0) 1 (13) 3 (38)
Severe periodontitis (8) 1 (13) 0 (0) 0 (0) 1 (13) 0 (0)

Healthy controls
Healthy; endemic (16) 1 (6) 0 (0) 3 (19) 1 (6) 3 (19)
Healthy; nonendemic (16) 2 (13) 0 (0) 0 (0) 0 (0) 0 (0)

Total non-Lyme disease (80) 18 (23) 0 (0) 8 (10) 5 (6) 9 (11)

Lyme patient samples 2-tier-test negative (n � 23)
but reactive with test antigens

4 (17) 1 (4) 2 (9) 3 (13) 2 (9)

a n, number of samples. “Endemic” and “nonendemic” refer to samples from patients in areas where Lyme disease is and is not endemic, respectively.
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gens that elicit an early IgG response �2 weeks postexposure ex-
ists. Current serological testing of late-Lyme-disease patient sam-
ples (e.g., Lyme arthritis) by IgG serology is highly sensitive and
specific; therefore, we did not extensively test our antigens against
a large number of late-Lyme-arthritis patient samples. Although
we observed some seroreactivity in the late-Lyme-arthritis patient
serum samples, it was not suggestive of improvement for the cur-
rent test.

The results indicated that subjective interpretation of immu-
noblots can be further refined to aid in borderline calls by utilizing
ELISA as a quantitative tool; however, this assay also had its lim-
itations. We set an ELISA absorbance cutoff for positive seroreac-
tivity at 3 standard deviations above the mean for the samples

from healthy patients in areas where Lyme disease is endemic.
Although a majority of these samples gave a low baseline, there
were outliers reactive with individual antigens that may have set
the cutoff higher than expected. However, these cutoffs resulted in
higher specificity at the possible expense of sensitivity. We also
found that although there were several examples of agreement
between line blotting and ELISA calls, there was not always con-
sensus. This effect may be attributed to nonspecific background in
line blots observed with some antigen preparations and some se-
rum samples. However, in some instances, nonspecific back-
ground was not an issue; e.g., IgM line blots with rBBA70 resulted
in 100% specificity. Future studies should focus on epitope map-
ping of the antigens with patient serum to produce immunoreac-

TABLE 5 ELISA of sera

Category (na)

No. of positive reactions (%)

IgM IgG

rBBA65 rBBA70 rBBA73 rBBA69 rBBA73

Early Lyme disease with EM
Acute phase (23) 5 (22) 6 (26) 5 (22) 1 (4) 5 (22)
Convalescent phase (23) 10 (43) 15 (65) 8 (35) 1 (4) 6 (26)

Lyme neuroborreliosis (10) 5 (50) 7 (70) 6 (60) 1 (10) 2 (20)
Lyme carditis (6) 2 (33) 3 (50) 2 (33) 0 (0) 1 (17)
Late Lyme disease (Lyme arthritis) (8) 0 (0) 2 (25) 0 (0) 2 (25) 2 (25)
Total Early Lyme disease (62) 22 (35) 33 (53) 21 (34) 3 (5) 14 (23)
Total Lyme disease (70) 22 (31) 35 (50) 21 (30) 5 (7) 16 (23)

Other diseases
Fibromyalgia (8) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
Rheumatoid arthritis (8) 1 (13) 1 (13) 0 (0) 0 (0) 0 (0)
Multiple sclerosis (8) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
Mononucleosis (8) 1 (13) 2 (25) 0 (0) 0 (0) 0 (0)
Syphilis (8) 0 (0) 1 (13) 0 (0) 0 (0) 0 (0)
Severe periodontitis (8) 0 (0) 0 (0) 0 (0) 1 (13) 0 (0)

Healthy controls
Healthy; endemic (16) 0 (0) 0 (0) 0 (0) 0 (0) 2 (13)
Healthy; nonendemic (16) 0 (0) 0 (0) 0 (0) 1 (6) 1 (6)

Total non-Lyme (80) 2 (3) 4 (5) 0 (0) 2 (3) 3 (4)

Lyme patient samples 2-tier-test negative (n � 23)
but reactive with test antigens

1 (4) 3 (13) 1 (4) 1 (4) 3 (13)

a n, number of samples. “Endemic” and “nonendemic” refer to samples from patients in areas where Lyme disease is and is not endemic, respectively.

TABLE 6 Numbers of samples both immunoblot and ELISA positive, by antigen

Category (n)

No. positive (blotting/ELISA/both)

IgM IgG

rBBA65 rBBA70 rBBA73 rBBA69 rBBA73

Acute EM Lyme disease (23) 7/5/4 5/6/4 6/5/5 2/1/1 4/5/3
Convalescent EM Lyme disease

(23)
9/10/5 8/15/8 11/8/6 2/1/1 6/6/4

Early neurologic Lyme disease (10) 7/5/4 3/7/3 5/6/4 2/1/1 3/2/2
Early cardiac Lyme disease (6) 2/2/1 2/3/2 1/2/1 2/0/0 1/1/0
Lyme arthritis (8) 1/0/0 1/2/1 0/0/0 2/2/2 4/2/2

Total Early Lyme disease (62) 25/22/14 18/32/17 23/22/16 8/3/3 14/14/9

Total Lyme disease (70) 26/22/14 19/34/18 23/22/16 10/5/5 18/16/11
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tive peptides specific for Lyme disease serology to reduce back-
ground and cross-reactivity. We expect that further refinement
with reagents and assay conditions could feasibly decrease the dis-
parity between blots and ELISA, which will lead to an improved
signal-to-noise ratio.

One approach to improve IgM serological testing (and IgG
testing) is to use recombinant antigens in the first-tier ELISA
and/or the second-tier Western blotting. This alleviates several
problems associated with use of whole-cell borrelial lysates: (i) the
genes encoding the antigens have been cloned, thereby ensuring
the identity of the protein; (ii) a standard amount of recombinant
protein can be applied to the membrane strip or wells; (iii) the
recombinant protein can be applied to the strip in a specific loca-
tion and is not subject to the impreciseness of lot-to-lot gel frac-
tionation; (iv) any number of recombinant antigens can be incor-
porated in a blot strip or ELISA well test; and (v) band reactivities
in immunoblots can be densitometrically scanned, resulting in
less-subjective scoring. In addition to using recombinant anti-
gens, synthetic peptides can be used in combination with the same
advantages. Serodiagnostic testing in Europe could be assessed
with the addition of the homologous antigens from Borrelia gari-
nii and Borrelia afzelii (27). Importantly, antigens that are immu-
nogenic in humans with Lyme borreliosis that may not be pro-
duced by in vitro culture can be added to the membrane test strip,
allowing greater sensitivity and specificity.

The CDC recommendation of a 2-tiered algorithm for the se-
rodiagnosis of Lyme disease calls for IgM and IgG antibody testing
from serum samples collected �30 days after onset of disease. Test
sensitivity at this stage is predictably lower, because antibodies
against antigens of the infectious agent may not have had time to
be synthesized. IgM class antibodies are present; however, IgM
testing can lend itself to nonspecific reactivities because of the
inherently “sticky” nature of the pentameric IgM molecule, and
false positives are a concern (28). Even with these limitations, IgM
testing is currently part of the recommended testing scheme for
serum samples taken early after onset of illness; therefore, it is
imperative to improve the sensitivity and specificity of these tests.
An advantage of IgM serology is that these antibodies arise within
a few days postinfection; therefore, an improved IgM test can be
exploited to improve the low sensitivity and specificity in the cur-
rent second-tier test or evolving serology-based assays. One of the
limitations of the current IgM Western blot assay is that only 3
antigens are used for scoring, with a requirement for two being
visible for a positive test. One of these 3 antigens is FlaB, the flagel-
lin protein, which elicits antibodies that are cross-reactive against
a variety of nonborrelial proteins, exacerbating the problem of low
serological specificity due to false positives.

Recombinant-based immunoblot tests using the 5/10 and 2/3
antigen algorithm for IgG and IgM testing, respectively, are cur-
rently commercially available (4). Additional improvements to
the current testing algorithm using the VlsE antigen have been
proposed (29–31), as has using peptide subunits from the antigens
OspC, OppA, BBK07, and DbpAB to reduce cross-reactive back-
ground (32–36). Different platforms, including luciferase immu-
noprecipitation systems (LIPS) and immuno-PCR, also demon-
strate the potential to upgrade current serological testing, with the
latter employing recombinant antigens (37–39). Line immuno-
blotting was also successfully used in a study designed to improve
serodiagnosis of Lyme borreliosis with recombinant antigens
from three European borrelial species (27). Barbour et al. have

taken a global approach to identify proteins reactive with serum
from infected humans that are candidates for serodiagnostic
markers (40).

In conclusion, acknowledged limitations in the performance
and implementation of the current 2-tier serological assays can be
addressed. The findings presented here suggest that IgM Western
blotting may be improved by the addition of the BBA65, BBA70,
and BBA73 antigens to the second tier of the assay and reassessing
the algorithm as to the number of reactive bands necessary for a
positive test; e.g., if 6 antigens are used, perhaps a positive test
would be defined as 3 to 5 visible bands out of the 6, instead of the
current requirement for 2 positive bands out of 3. Likewise, for
IgG immunoblotting, the inclusion of additional recombinant an-
tigens could improve the sensitivity of 2-tiered testing. We will
continue to evaluate the performance of these antigens concern-
ing sensitivity and specificity, with comparisons to the existing
two-tier assays. The data from our study provide evidence that
certain borrelial antigens elicit antibody responses that can be de-
tected within a few days postinfection. The results from this study
should spur investigations into additional in vivo-expressed gene
products that are produced during mammalian infection and that
may be immunodominant in human Lyme borreliosis.
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